fcfc Aat^ CD 




02 



Europaisches Patentamt 

European Patent Office @ Publication number: 0 035 237 

A1 

Office europeen des brevets ^ 1 



EUROPEAN PATENT APPLICATION 



® Application number 81101379.6 © Int. CI. 3 : G 02 B 5/14 

@ Date of filing 25.02.81 



® Priority 29.02.80 JP 24049/80 



Date of publication of application: 09.09.81 
Bulletin 81/36 



@ Designated Contracting States DE FR GB NL 



@ Applicant : Hitachi, Ltd., 5-1 , Marunouchi 1 -chome, 
Chiyoda-ku Tokyo 100 (JP) 



Inventor Matsumura, Hiroyoshi, 264-61, Kubo Oaza 
Hidama-cho, Iruma-gun Saltama (JP) 
Inventor: Katsuyama, Toshio, D202, 1-47-1 , Akatsuki-c ho 
Hachiouji-shi, Tokyo (JP) 

Inventor: Suganuma,Tsuneo, 5-17-5, Naka-arai, 
Tokorozawa-shI Saitama (JP) 



@> Representative : Strehl, Peter K.L. Schlff, Dr. A.v. Funer 
et al, Dipl. Ing. P. Strehl Dr. U. Schiibel-Hopf Dipl. Ing. 
D.Ebbinghaus Dr. Ing. D. Flnck Patentanwalte 
Mariahilf piatz 2&3, D-8000 Munchen 90 (DE) 



@ A single-mode-transmission optical fiber and a method of manufacturing the same. 

© A single-mode-transmission optical fiber comprising 
a core of a radius having an arbitrary (not constant) 
refractive index distribution n(r) in the radial direction x. 
the index distribution being expressed by 

n 2 (r) — n, 2 ^ 1 — 2 Ao f(r) | , and a cladding having a con- 
stant refractive index n a , the radius a. of the core being: 

2.405 X 
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of a function which is expressed by: 
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In these expressions, ni denotes the maximum refracti- 
ve index of the core,- X denotes the transmission light 
wavelength, 

ni ! — n, 1 n' 2 
A= = -*., 

2 n 2 n, s 

and the normalized frequency V is expressed by 



2- 

V = a n 2 V'2 A . 

X 

Y is a solution Y in the case where X and Y are solutions 
of simultaneous equations: 
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G(V) = (0.65 4- 1.62 V 1 5 + 2.88 V). 
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A Single-Mode-Transmission Optical Fiber and a Method of 
Manufacturing the Same 

BACKGROUND OF THE INVENTION 

This invention relates to a single-mode fiber and a 
method of manufacturing the same. More particularly, it re- 
lates to a single-mode optical fiber having a core whose 
refractive index distribution is not constant but arbitrary 
and a cladding whose refractive index is constant, and a 
5 method of manufacturing the same. 

At present, owing to the enhancement of the technolo- 
gy of manufacturing optical fibers, the optical fibers have 
come into the stage of practical use as communication trans- 
mission lines. The optical fibers for communication use are 
10 broadly classified into a multi-mode fiber and a single-, 
mode fiber. On account of problems in manufacture, many of 
the optical fibers having heretofore been put into practi- 
cal use are the multi-mode transmission fibers. However,* 
the single-mode fibers have a wider bandwidth than the 
15 multi-mode fibers and can also be endowed with various 

functions for many uses, so that future developments and 
progress are expected. 

It is well known in theory that the single-mode 
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transmission fiber can be realized when, in a concentric 
construction which consists of a core having a constant 
refractive index and a cladding made of a material 
having a constant refractive index lower than the 
refractive index n^, the normalized frequency 

2 ji I 2 2~ 
v = a ^n^ ~~ n 2 ' where denotes the wavelength 

of transmission light and a denotes the radius of the 
core, fulfills the following relationship: 

2.405 ^aJn, 2 -„ 2 2 

Known as being effective as methods of manufacture 
for realizing such optical fiber are a method in which 
a core, or thin glass layers to become a cladding and 
a core material is/are deposited on the inner wall 
of a substrate such as silica tube and the resultant 
tube is drawn at a high temperature directly or after 
being put into a solid preform rod once, to produce a fine 
optical fiber, a method which is the rod-in-tube method 
and in which a rod to become a core material is inserted 
into a- starting glass tube and the resultant tube is 
drawn at a high temperature similarly to the above,, and. so on. 

'In particular, a method in which a thin glass film 
is formed on the inner wall of a silica tube or the 
like by the use of the chemical vapor deposition (Q7D) process 
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and with a dopant introduced therein in order to attain 

a predetermined refractive index, a solid preform rod 

is formed and the preform rod is thereafter drawn at 

a high temperature is excellent as a method of manufacturing 

an optical fiber of low transmission loss. 

Since, however, the manufacturing process includes 
the steps of heating and collapsing, a dip is formed 
in the central part of the core of the optical fiber 
by the preferential evaporation of the dopant introduced 
to the end of controlling the refractive index of the 
glass, and/or the rounding of the refractive index 
attributed to the diffusion of the dopant etc. occurs 
between the core and the cladding, so that the refractive 
index of the final optical fiber does not become the 
ideal stepped index distribution which is constant 
in the core part. Accordingly, it becomes difficult 
to fabricate the single-mode fiber which is determined 
by Equation (1). 

Especially in the single-mode fiber, the radius a 

and the difference of the squares of the refractive 

2 2 

indices, n^ — , are very small, and hence, the controls 
thereof are attended with difficulties. It has heretofore 
been endeavored to render the refractive index of the 
core constant by removing the dip through the selection 
of the r-.aterial of the dopant and through a complicated 
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control of the distribution. In both the cases, however, 
it is difficult to obtain the single-mode optical fiber 
having desired characteristics as predetermined. Therefore, 
the manuf actured fiber does not execute the transmission 
of light at the most effective service wavelength or 
execute the multi-mode operation thereat to increase 
the transmission loss. This results in the problem 
that the yield of production is inferior. 
SUMMARY OP THE INVENTION: 

It is accordingly an object of this invention 
to realize an optical fiber which carries out the single -mode 
transmission reliably and to realize a method of manufacturing 
a single-mode fiber which is of high yield. 

In order to accomplish the object, this invention 
has realized a single-mode fiber upon finding out the 
relationship among the refractive index distribution, 
the wavelength and the core radius in the case where 
the refractive index of the core of an optical fiber 
varies complicatedly. Especially, it has the effect 
that an optical fiber capable of the single-mode transmission 
at 1.55 pn, which is known as the most effective wavelength 
free from the transmission loss in case of transmitting 
light with an optical fiber, can be readily realized. 

More specifically, the invention is characterized 
in that/ when the refractive index n(r) of an optical 



1 



- 5 - 



0035237 



10 



fiber having an outer radius D at the radial distance r 
from the center of the optical fiber is expressed by: 
n 2 (r) = n 2 {l - 2 A Q f(r)j 

where 0 1 f (r) < 1 for 0 4 r i a 

and f(r) = 1 

2 2 

*nd n (r) = n 2 f or a < r < D 

and the refractive indices of a core have an arbitrary 
index distribution which* is not constant, the radius a_ 
of the core is made: 

a < 2 ' A ° 5 X 



2 tv Y n 2 h A 

Here, >. denotes the wavelength of transmission light, 

the refractive index of a cladding, L the relative 

2 2 
n 1 ~ n 2 

index difference or 5 , n 1 the maximum value 

2 n^ 

of the refractive indices of the core, and Y a value 
15 which is determined as follows: 

r 1 ex P i- ( £ )2 \ 

° J 0 X 2 G 2 (YV) l X 2 G 2 (YV) > 

2 2 
[1 - f(r) - (|) {1 - g(r) } ) r dr 



•X' 

where (0 0 i r < X a 

g(r) = \ 

V 1 X a < r 
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G(Y) = -^z- (0.65 + 1.62 V~ 1 * 5 + 2.88 V -6 ) 

V = a n 0 V2~l . 

Ey solving the simultaneous equations of X and Y, = 0 

and -r^ 5 - = 0 of the above function, the value of Y is obtained, 
^Y 

5 The manufacture of the optical fiber having the 

characterizing feature described above may be performed 
as below. Thin layers of materials corresponding to 
a cladding and a core or to a core are deposited by 
the CVD process on the inner wall of a silica tube 

10 or the like corresponding to a jacket or the cladding, * 
and the resultant tube is collapsed to form a solid 
glass rod. Alternatively, an optical fiber glass rod 
(hereinbelow, called the "preform") is formed by the 
so-called rod-in-tube method* At the stage of the 

15 preform, the refractive index distribution is measured 

to evaluate the constants X and Y. The preform is 

drawn from its one end at a high temperature so as 

d 2 

to establish a drawing ratio of (—) where d denotes ' 
the radius of the core of the preform and a denotes 
20 the radius of the core of the optical fiber intended 
to be finally obtained. 

This invention is applicable to fibers of cores 
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having arbitrary index distributions. In addition, 

the drawing ratio for obtaining a final fiber is determined 

by measuring a refractive index distribution at the 

time when a preform has been prepared. Therefore, 

whereas time and expenses have heretofore been required 

for attaining a predetermined value as the refractive 

index of a preform, the present invention dispenses 

with such steps. This facilitates remarkably the manufacture 

of the single-mode optical fiber, and provides a very 

effective measure for the reduction of cost of the product. 

The above-mentioned and other features and objects 
of this invention will become -more apparent by reference 
to the following description taken in conjunction with 
the accompanying drawings, 
BRIEF DESCRIPTION OF THE DRAWINGS: 

Figures 1 and 2 are index profiles of an optical 
fiber having a core of arbitrary refractive index distribution 
and an optical fiber having a core of constant refractive 
index distribution, respectively, for explaining the 
principle of this invention, 

Figure 5 is a diagram of a measured relative index 
distribution of a preform in the manufacturing process of an optical 
fiber according to this invention, and 

Figure 4 is a diagram showing a measured result of the 
rel atic :.ship between" the wavelength and the optical output 
in an eribodijiient of the optical fiber according to this, invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS : 

Figure 1 shows, a model of jtbe .rfirn nl rpfrsrti vp 

index distribution of an° optical fiber having a core 

whose refractive index distribution is not constant, 
5 in order to elucidate the principle of this invention. 
The refractive index distribution n(r) in the 

radial direction r can be expressed as follows, for 

the core part or for Oir^ = a: 

n 2 (r) = x^ 2 {1 - 2 A Q f(r)) ..-.(2) 

10. where f(r) is an arbitrary varying function of 0 1 f(r) 4 1. 
For a cladding part or for a < r £ D, it can be expressed by: 

n 2 (r) = n* {1 - 2 ij = n,, 2 

Here, A is called the "relative index difference", and 

2 2 2 
h = I g - -lj A 0 holds. 

2 2 

15 The electric field E(r) of the dominant mode propagating 

through the optical fiber having such refractive indices 
fulfills approximately the following scalar wave equation: 

■ iafe^' ♦ ^» 2 «*> «') - o ....<?) 

Here, k = denotes the wave number, and B the 

20 propagation constant in the traveling direction of 
the electric field. 



BNSDOCID: <EP 0035237A1_L> 



0035237 

» - g - 

Figure 2 shows the radial refractive index distribution 
n g (r) of the so-called stepped index optical fiber whose 
ideal core has a constant refractive index and which 
is easy of theoretical analysis. This refractive index 
5 distribution is: 

n s 2(r > = "so 2 i 1 " 2 ^so 6<r)} " ....(-4) 

where g(r) = 0 for 0 < r <_ a 

- - s 

and g(r) = 1 for a < r 4 D. 




denotes 



the relative index difference, a denotes the radius 
• s 

of the core, and the other symbols are the same as 
in Equation ( 2 ) . 



Similarly to Equation (3), the electric field 

15 E s (r) of the dminant mode propagating through the stepped 

index optical fiber is expressed by: 

dE (r) 

r -If-) + l k * - s 2 (-) - K 2 \ V r) = 0 

(5) 

Here, denotes the propagation constant of the stepped 

index optical fiber. 
20 In order that these optical fibers shown in Figures 1 

and 2 may have equivalent propagation characteristics, 
the following must hold on the basis of Equations (3) and (5): 



BNSDOCID: <EP 0035237A 1 J_> 



E(r) = E s (r) 



-, 0 - 0035237 

i 

\ 



n I K *> } 

From Equations (3) 9 (5) and (6), the following equation 
is obtained: 

(7) 



E s (r){n 2 (r) - n 2 ] = 0 



Strictly the electric field E (r) in Equation (7) 

s 

can be expressed by the Bessel function. Since, however, 

the electric field distribution of the stepped index 

optical fiber is very similar to the Gaussian distribution, 

10 the electric field E (r) can be approximated as follows: 

s 

1 2 
E s (r) = V ex P ( ~ " iL_ 2~ ) ....(8) 

s 

Here, denotes a mode spot size which can be approximately 
s 



expressed as follows: 

cd = a G(V ) 
s s s' 



(9) 



15 g(V ) = — (0.65 + 1.62 V ~ 1,5 + 2.88 V 6 ) 

s i — s s 



V = ^JL a n 0 4T~E~ 
s x s 2 ^ s 

* 

Accordingly, the optical fiber having the arbitrary 
index distribution as shown in Figure 1 can be converted 
into the equivalent, stepped index optical fiber. Here, 
20 letting £ denote the radius of the core having the arbitrary 
refractive indices and V = — — a n 0 ^ 2A, the equivalent 
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20 



core radius a QTP and the normalized frequency V _ thereof 
oil/ SE 

can "be expressed with constants X and Y, as follows: 

= X a 

(10) 



V = V = y V 

Accordingly, the evaluation of the equivalent stepped 

index distribution results in evaluating the constants 

X and Y. In order to evaluate X and Y f Equation (7) 

is substituted into Equations (8) - (10), and the resultant 

equations are arranged, whereupon X and Y which minimize 

the following equation may be finally found by the 

optimization method for X and Y. 

1 ^ \ 

expl \ 



J - 
o 



0 



X 2 C- 2 (YV) 



X G(YV) 



[1 - f(r) - (|) {l - g(r)} ) 2 r dr ....(11) 



The minimum values of X and Y can be uniquely determined 
by solving the following simultaneous equations : 



OJ 



- 0, 



= 0 



UX " ~' (12) 

Accordingly, in order that the optical fiber having 
the normalized frequency = Y V in Equation (10) 

may effect the single-mode transmission, the following 
relationship may be met : 



2.4C5£YV=Y 



2 71 



a n. 



421 
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That is, 

^ < 2,405 >* 
" " 2 k Y"n 2 AT2H " 

Now, there will be described an example of a single-mode 
fiber according to this invention manufactured on the 
5 basis of the principle described above. 

On the inner wall of a silica tube made of Si0 2 
and to become a cladding, thin layers made of 4,2 riol-%. 
of Ge(>2 and 95 • 8 mol-% of SiC^ and to become a core 
were formed by the CVD process. The resultant tube 
10 W as heated and collapsed to form a solid preform. Since 
these manufacturing steps have heretofore been well known, 
the detailed explanation will be omitted. 

The preform had an outer diameter (2D) of 13 mm, and 
it was sliced at an axial thickness of approximately 
15 80 Jim to form a small disc. The disc was observed 

with an interference microscope, to measure the refractive 
index distribution of the core in the radial direction. 

Figure 3 shows the result of the measurement, in 
which the axis of abscissas represents the distance 
20 in the radial direction and the axis of ordinates the 
refractive index. In the figure, a curve 1 indicates 
actually-measured values in terms of the relative index 
difference, while a curve 2 indicates an equivalent, 
stepped index distribution which has a propagation 
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characteristic equivalent to the curve 1 and which 
.has been obtained on the basis of the foregoing principle. 

It is understood that the refractive indices of 
the actual measurement 1 form a complicated index distribution 
in which a rounding appears around the core and the 
cladding and in which a deep dip appears in the central 
part . 

The preform is drawn at a high temperature and 
finally becomes an optical fiber. The index distributions 
of the preform and the optical fiber are scarcely different, 
and merely the index distribution is compressed in 
the radial direction in the optical fiber. This is 
because the index distribution i's almost determined 
by the process up to the preform and becomes stable. 
In the heating and drawing step, the index distribution 
undergoes no appreciable substantial change. 

Accordingly, the foregoing values X and Y can be 
obtained when the preform has been finished. 

It was immediately seen that the core radius (d) 
of the preform was about 300 jim and that the maximum 
relative 'index difference A was about 0.4 %. The index 
distribution obtained indicated the function f(r) in Equation (2) 
and Equation (11), and when the evaluated result was 
substituted into Equations (11) and (12), X = 0.95 
and Y = 0.79 were calculated. Thus, the equivalent 
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core radius (d ) in the equivalent, stepped index preform 
s 

became d = 285 am from d = X d = 0.95 x 300, while 

the relative index difference A was evaluated from 

s 

y 2 

A = (i) A to be A = 0.277 

S A S 

5 From the preform, there was produced a single-mode 

fiber whose transmission wavelength was a semiconductor 

laser wavelength X= 0.83 pi deemed to be the most effective 

wavelength in the optical transmission and which had 

a normalized frequency V g = 2.08 in order to lessen 

10 the micro-bending loss. To this end, the core radius 

(a g = X a) of the equivalent, stepped index optical 

fiber was evaluated to be a g = 2*53 jim "by substituting 

the foregoing values into : 

V X 
s 

a = — 



s 



2 7L 



n 0 4z 4. 



L 2 s 

15 Accordingly, in order to obtain the desired optical 

fiber from the preform, a 

j 2 0 

drawing ratio ~ (—5-) = (— ) 

a a 
s 

might be "established. In other words, the drawing ratio 

. , . , . 2 7in 0 Y X d JTZ 2 

mignt be maae / 2 \ mi __ , , . _ 

( 2 — ^ ) • The substitution of 

20 the numerical values resulted in about 12,705 times. At 
this time, the outside diameter of the optical fiber 



BNSDOCID: <EP 0035237A1 J_> 



- 15 - 



0035237 



(the diameter of the cladding) was 115 ^m. 

Figure 4 shows the measured result of the relationship 
between the used light wavelength X (jim) and the optical 
output (^W) in the case of the optical fiber according 
5 to the example. 

A method of the measurement was such that the 
optical fiber of about 40 cm produced by the example 
was arranged to be rectilinear, that incoherent light 
was caused to enter an input end of the optical fiber 
lO by the use of an objective lens having a magnification 
of about 20, that an optical filter capable of varying 
a wavelength to pass therethrough was situated between 
the lens and a light source, and that light emerging 
from the other end of the optical fiber was measured 
15 with a phot omultipli er . 

Now, it will be proved from the measured result 
that, in spite of having the complicated index distribution, 
the fiber of the present example had the characteristic 
as previously designed, in other words* the normalized 
20 frequency V becoming a value close to 2.08 at the wavelength 
x - 0.83'^m. 

As apparent from the experimental result, the 
optical output obtained exhibits an abrupt change near 
a wavelength X- = 0.7 |*m. This appears because the 
25 secondary mode, LP mode is excited along with the 
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dominant mode at light wavelengths of and below 0.7 JJ-m. 
Since trie LP ^ ^ mode is excited, the 7 apparent number 
of aperture increases and the quantity of light entering' 
the optical fiber increases* Prom the above fact, the 
5 abrupt change indicates the cutoff wavelength (>- c ) of 
the secondary mode LP^-j- The reason why the waveform 
becomes complicated is that it appears as the product 
between the mode transmission characteristics and the 
spectral component of the incoherent light source used 

10 as the light source. It can be easily conjectured 
that, if a coherent " light source whose wavelength is 
variable can be used, the waveform will change in a 
stepped fashion with the boundary at the cutoff wavelength A^. 
In the stepped index fiber, the secondary mode * 

15 LP^ appears when the value of the normalized frequency 
V g is 2.405 or greater. In the optical fiber of the 
above example, the wavelength ^ c which gives this V g value 
is approximately 0.7, which is understood to substantially 
correspond to the case of the stepped index fiber. Accordingly, from 

20 2.405 = §^ a s Vn^ -n 2 2 , 

there holds 2 X a^n.j 2 - = 2.405 x 0.7 = 1.6835. 

Therefore, the value of the normalised frequency V 

at the time vhen the light of the wavelength ^, = 0.83 |wn 

is used becomes approximately 2.05* and it is understood 
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to become close to the aimed value 2,08 of the design 
described previously. 

As set forth in the foregoing example, according 
to this invention, an optical fiber having a desired 
single-mode transmission characteristic as predetermined 
can be readily realized even when the refractive index 
distribution of its core varies complicatedly , and 
complicated steps for the control of refractive indices 
in the manufacturing process of a preform as have heretofor 
been required are dispensed with, which in turn reduces 
the production cost of the optical fiber. 
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CLAIMS : 

1. A single-mode optical fiber comprising a cladding 
which has a constant refractive index n 2 , and a core of a 
radius a which is surrounded by said cladding, characterised in that the 
refractive indices of the core are greater than said: 
5 refractive index n 2 and have in the radial direction r 
an arbitrary index distribution n(r) expressed by 

n 2 (r) = n 2 jl - 2 4 Q f(r)} (where 0 <_ f(r) < 1), 

said radius a of said core being: 

2.405 



a < 



2 x Y n 2 STl 



10 X and Y being solutions of simultaneous equations of: 



*r - o. ^ - o 



of a function which is expressed as follows, by letting 
n 1 denote a maximum refractive index of said core and 
denote a transmission light wavelength thereof, so 



15 that the relative index difference thereof is denoted by 



n. n 0 n 



1 * 2 1 

A = L_ 2 — = — 2 ^o 311(1 that the nom ^liz©d frequency is 



2 



denoted by V = a n /2 A 
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' Q X 2 G 2 (YV) I X 2 G 2 (YV) 

2 

lj - f(r) - (|) {l - g(r)U 2 r dr 



where g(r) = J 

' 1 

5 and 



X' 

0 0 i r < X a 



X a < r 



G(V) = ^ (0.65 + 1.62 V 1 - 5 + 2.88 V 6 ). 



2. A method of manufacturing a single-mode optical fiber 
wherein a preform is formed and is drawn at a high temperature 
into the optical fiber, characterized by measuring the 
refractive index distribution of the preform after completion 
10 thereof, solutions X and Y of simultaneous eguations of: 

'TSJ 

being obtained as to a function which is expressed as follows, 
by letting f (r) denote said refractive index distribution and 
d the radius of the core of said preform: 



15 T _ [ 1 



J 0 X .G^(YV) 



(5) 



2 



X 2 G 2 (YV) 



0 - f<r) - (|) 2 {1 - g(r))]2 r ar 
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0 i r i X d 
r 



where glD = ^ x fl < 

and 



G(v) = _L_ (0.65 + 1.62 V" 1 - 5 + 2.88 V" 6 ), 
/2 



and making the drawing ratio greater than 

.2 ft n 0 Y X d -/2A 2 
K 2.405 >~ " J 

(where n 2 denotes a maximum refractive index of the 
preform core, and A a relative index difference) . 



3. The method of claim 2, characterized in that the 
step of forming said preform comprises forming a material 

10 to become a core part/ on an inner wall of a silica tube 
by the CVD process, and heating the resultant silica tube 
into a solid glass rod. 

4. The method of claim 2, characterized in that the 
step of forming said preform comprises forming materials to 

15 become a gladding part and a core part, on an inner wall of 
a silica tube successively by the CVD process, and heating 
the resultant silica tube into a solid glass rod. 
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